Spiroplasmas are helical, wall-free bacteria belonging to the class Mollicutes, a group of microorganisms phylogenetically related to gram-positive bacteria with low GϩC contents (48) . Besides helical morphology, motility is the most distinctive property of spiroplasmas, especially since these organisms possess no flagella, no periplasmic fibrils, and no axial filaments. Motility of spiroplasmas was first described by Davis and Worley (12) for the corn stunt spiroplasma in extracts of infected plants and was confirmed by Cole and coworkers (9) with cultured cells of Spiroplasma citri, the causal agent of citrus subborn disease. Spiroplasma cells display both rotatory and flexional movements which do not produce translational motility in liquid media of low viscosity. Translational motility could be observed only when viscosity was increased by incorporating agar or methylcellulose in the medium (11) . As a result of the ability of spiroplasma cells to move through the agar matrix, spiroplasmas, and in particular S. citri, form diffuse colonies when plated on low-agar medium. Aspects of motility, chemotaxis, and viscotaxis in spiroplasmas have been further documented by Daniels and coworkers (11) . On the basis of their work, these authors suggest that translational motility is driven by rotation about the helix axis, whereas flexing of the cell body causes changes of direction. Also from these studies, it is known that motility of spiroplasmas is energy dependent. However, the mechanism of motility has not been elucidated, and the cellular elements involved in motility are still unknown. In order to identify such cellular components, Cohen and coworkers (8) tried to obtain nonmotile mutants of Spiroplasma melliferum BC3. In those studies, nitrous acid was used as the mutagen and chemotaxis was used to enrich for motility mutants. Nonmotile mutants were selected on the basis of their smooth, fried-egg-shaped (umbonate) colonies. However, because nitrous acid treatment induces essentially point mutations which cannot be easily mapped and because at that time no gene transfer system was available to complement the mutants, the mutated genes could not be identified. To overcome such difficulties, gene transfer in mollicutes has been the subject of much research (3, 15) . With S. citri, several approaches for the development of cloning vectors were examined. The combination of the S. citri plasmid pMH1 and the cat gene was found to be quite unstable in S. citri (40) . In our laboratory, we have used the replicative form of the S. citri virus SpV1 as a vector to express foreign genes in S. citri R8A2 (28, 33, 43) . However, upon passaging, the recombinant viral DNA has proved to be unstable (29) . Therefore, artificial plasmids were constructed by combining the oriC region of the S. citri chromosome with the tetM gene (35, 52) . By using these oriC plasmids as cloning vectors, foreign genes could be introduced into S. citri cells, in which they were transcribed, translated into proteins, and stably maintained for generations (14) .
Transposons Tn916 and Tn4001, from gram-positive bacteria, have been transformed into several mollicutes (15) , demonstrating the capacity for transpositional insertion. In particular, Tn4001, coding for gentamicin resistance, was used to generate cytadherence-deficient mutants of Mycoplasma pneumoniae and Mycoplasma genitalium (23, 32) . Recently, Tn4001 mutagenesis has also been applied to S. citri to generate mutants affected in plant pathogenicity (18, 19) . The advantages of gene inactivation by insertion of a transposable element include production of null alleles, minimal damage to other genes, and easy cloning of the interrupted locus. In the present studies, we have used Tn4001 mutagenesis to produce motility mutants of S. citri. One motility mutant of 938 transformants was obtained and was characterized.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli TG1 {supE ⌬hsd-5 thi ⌬(lacproAB) FЈ [traD36 proAB ϩ lacI q lacZ⌬M15]}, an EcoK Ϫ derivative of JM101, was used as the host strain for subcloning experiments and for propagation of plasmids and M13 bacteriophages. For transformation with plasmid DNA, competent E. coli cells were prepared according to the Hanahan procedure (22) . Plasmid pMUT containing Tn4001 has been previously described (18) . It was used as the transposon delivery system for insertional mutagenesis of S. citri. Plasmids pCJ1 and pCJ2 (this study) were obtained from a HindIII genomic DNA library of the S. citri motility mutant. They contain the spiroplasmal sequences adjacent to the IS256 ends of Tn4001 as HindIII DNA inserts of 2.5 kbp (pCJ1) and 8.5 kbp (pCJ2). Plasmid pCJ3 (this study) was obtained from an NsiI-HindIII genomic DNA library of S. citri GII-3 constructed in E. coli. It contains a 2-kbp NsiI-HindIII fragment inserted into the pBluescript II KS ϩ vector (Stratagene Cloning Systems, La Jolla, Calif.). Plasmid pCJ6 (this study) was obtained by subcloning the 1.55-kbp Sau3AI fragment of pCJ3 at the BamHI site of plasmid pBOT1. Plasmid pBOT1 carrying the S. citri oriC region has been described elsewhere (35) . The S. citri GII-3 wild-type strain was originally isolated from its leafhopper vector, Circulifer haematoceps, captured in Morocco (47) . S. citri ASP1 has been previously described as a nonhelical or poorly helical strain of S. citri (46) . Spiroplasmas were grown at 32°C in SP4 medium (49) from which fresh yeast extract was omitted.
Microscopy observation. To examine live cells, drops of exponentially growing spiroplasma cultures were placed on slides with coverslips, and the edges of the coverslips were sealed to prevent evaporation and consequent rapid streaming of spiroplasmas across the slide. Observations were carried out by using a dark-field optical system with a 100ϫ oil immersion objective.
Transformation of S. citri. Electrotransformation of S. citri with the replicative oriC plasmids pBOT1 and pCJ6 was by a method previously described (34, 43) . The S. citri transformants were selected by plating on solid SP4 medium supplemented with 2 g of tetracycline per ml. Transformation of S. citri with the nonreplicative plasmid pMUT was by the same procedure except that approximately 10 10 spiroplasma cells and 50 g of plasmid DNA per assay were used. The transformants were selected in the presence of 100 g of gentamicin per ml.
DNA isolation. Large-scale and small-scale preparations of plasmids and M13 DNA amplified in E. coli were carried out according to standard procedures (37) . Isolation of spiroplasmal genomic DNA has been described elsewhere (51) .
Construction and screening of the S. citri genomic DNA libraries. Genomic DNA of the S. citri motility mutant G540 was digested with HindIII, and the fragments were ligated to the HindIII-linearized pBS ϩ vector (Stratagene Cloning Systems). The recombinant clones containing sequences adjacent to the IS256 ends of Tn4001 were selected by in situ hybridization of colonies with the 32 P-labeled IS256 probe according to standard procedures (37) . The IS256 probe was generated by PCR amplification of the gel-purified 1.3-kbp XbaI-HindIII fragment of plasmid pMUT with primer pair IS1-IS3. Genomic DNA of the wild-type strain, S. citri GII-3, was digested to completion with endonucleases NsiI and HindIII, and the restriction fragments were ligated to the pBluescript II KS ϩ vector digested with PstI and HindIII. The bacterial clones containing S. citri open reading frame 2 (ORF 2) were selected by in situ hybridization of colonies with the 32 P-labeled CJ6-CJ7 probe. The CJ6-CJ7 probe was obtained by PCR amplification of the gel-purified 2.5-kbp HindIII fragment of plasmid pCJ1 with primer pair CJ6-CJ7.
Primers and PCR amplification. Primers IS1 (5Ј-ATATTCTGTAAAGGAT GACG-3Ј), IS3 (5Ј-CAGAGAAGCTGTTAAAG-3Ј), and IS4 (5Ј-ATGTAAA AGTCCTCCTGGG-3Ј) correspond, respectively, to nucleotides 155 to 174, 923 to 939, and 85 to 103 of the nucleotide sequence of IS256 (4) . Primers CJ2 (5Ј-AAGTTTCTAATGGATTAGGG-3Ј), CJ6 (5Ј-CAATTACCAACCATGTT AGC-3Ј), CJ7 (5Ј-TTAATTGCAGTTGGAACAGC-3Ј), CJ8 (5Ј-GGTTAGTA ATGCTGATCGC-3Ј), and CJ17 (5Ј-CTTTACAGGGAGATAGTGC-3Ј) correspond, respectively, to nucleotides 2661 to 2680, 3576 to 3595, 2818 to 2837, 2328 to 2346, and 2678 to 2696 of the sequence reported in this paper. Primer EV4 (5Ј-GATAGCACATTATTTTCCACG-3Ј) corresponds to nucleotides 1601 to 1622 of the nucleotide sequence of the S. citri oriC region (52) . Amplification was carried out in a 50-l reaction mixture containing 1 to 10 ng of target DNA (or approximately 10 5 spiroplasma cells), 50 mM Tris-HCl (pH 8.8), 2 mM MgCl 2 , 200 g of bovine serum albumin per ml, 0.05% W1 detergent, 0.2 mM deoxynucleoside triphosphates, 1 M each primer, and 2.5 U of Taq DNA polymerase (GIBCO/BRL Life Technologies, Inc., Gaithersburg, Md.). The reaction was performed in a thermal cycler (Perkin-Elmer Cetus Corp., Norwalk, Conn.) as described previously (29) except that the annealing temperature was set to 57°C for primer pair IS1-IS3 and 56°C for primer pairs CJ6-CJ7, CJ6-CJ17, IS4-CJ8, and EV4-CJ2.
Southern blot hybridization. Restricted DNA was blotted to positively charged nylon membranes by the alkali transfer procedure and hybridized with the 32 P-labeled probe under standard stringent conditions (37) . The DNA probes were labeled by the random priming procedure (16, 17) with [␣-32 P]dATP (110 TBq/mmol) as the labeled nucleotide.
RNA isolation and Northern blot hybridization. Total RNA from S. citri cells was isolated by the guanidinium thiocyanate-cesium chloride method (6) and analyzed by Northern blot hybridization according to the procedure outlined by Stamburski et al. (42) .
DNA sequencing and nucleotide sequence analyses. Double-stranded or single-stranded DNA was sequenced by the dideoxy chain termination technique (38) with the T7 sequencing kit from Pharmacia Biotech (Uppsala, Sweden). Nucleotide and amino sequences used for comparison were imported from GenBank (Los Alamos, N.Mex.) with the retrieve electronic mail server of the National Center for Biotechnology Information at the National Library of Medicine, National Institutes of Health, Bethesda, Md. Sequence analyses were performed with the Seqaid II codon bias program (41), Blast program (1), and Genetics Computer Group software package (13) .
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the GenBank nucleotide sequence databases with the accession number U89875.
RESULTS
Construction and screening of gentamicin-resistant insertional mutants of S. citri GII-3. S. citri GII-3 cells were electrotransformed with the suicide plasmid pMUT containing the Tn4001 transposon, and the transformants were selected by plating the transformation mixture on 1% agar SP4 medium containing 100 g of gentamicin per ml. Among gentamicinresistant transformants, motility mutants were screened on the basis of their nondiffuse, nonsatellited colonies. Following Tn4001 mutagenesis, two mutants with dense colonies, of a total of 938 transformants, were selected. The two S. citri mutants were named G540 and G547.
Colony morphology of S. citri mutants G540 and G547. The shape of spiroplasmal colonies is known to be dependent on the agar content of the medium. As the concentration of agar is lowered, the colonies formed by the wild-type cells become more fuzzy. For that reason, the two S. citri mutants, G540 and G547, were plated on various agar concentrations (0.4, 0.6, 0.8, 1, and 1.2%), and the colony morphology of these mutants was compared to that of the wild-type strain GII-3 as well as to that of strain ASP1, which was previously described as a natural nonhelical nonmotile mutant of S. citri. The photographs in Fig. 1 show colonies of GII-3 (a and b), G540 (c and d), ASP1 (e and f), and G547 (g and h) grown on 0.6% (a, c, e, and g) or 1% (b, d, f, and h) agar plates. When the concentration of agar was lowered from 1 to 0.6%, the colonies formed by the GII-3 cells became more diffuse, and the rounded centers of the colonies were no longer visible (Fig. 1a and b) . In contrast to the wild-type strain, which formed fuzzy colonies, the G540 mutant ( Fig. 1c and d) , like strain ASP1 (Fig. 1e and f) , formed fried-egg-shaped colonies with no surrounding satellite colonies, even at the low agar concentration. Figure 1 also shows that the colonies formed by G547 (g and h) differ from those of GII-3 (a and b). However, the presence of large numbers of satellite colonies, particularly when plated on 0.6% agar, suggested that this mutant, in contrast to mutant G540, is still able to move, especially in low-agar medium. When cultured in broth medium containing gentamicin, the doubling time of G540 was similar to that of GII-3 in gentamicin-free SP4 medium (approximately 6 h), and it reached about the same titer (10 8 to 10 9 CFU/ml). In contrast, G547 grew at a lower rate, with a doubling time of about 9 h, and reached a 10-fold-lower titer than the wild-type strain.
Motility behavior of S. citri mutants G540 and G547. In liquid media, spiroplasma cells, and in particular S. citri GII-3, display flexing and twisting of the cell body and rotation about the helix axis. This screw motion is responsible for translational movement of spiroplasmas in viscous media. As previously described (46) , cells of the nonhelical S. citri strain ASP1 produced erratic twitching movements only. Examination of the two insertional mutants G540 and G547 revealed that, in contrast to ASP1, both had retained their helical morphology. However, while G547 seemed to display the same motility movements as the wild-type strain, the frequencies of flexing and twisting of G540 were considerably reduced. In addition, this mutant apparently did not rotate about the helix axis. This was further confirmed when the medium viscosity was increased by adding 0.1% gum xanthan. Under these conditions, the G540 cells were unable to exhibit translational motility, in contrast to the GII-3 cells, which swam through the solution with a screw motion. In the case of G540, the absence of rotating activity, and hence of translational motility in viscous medium, would explain the formation of dense colonies compared to the fuzzy colonies formed by the wild-type strain GII-3.
Site of Tn4001 insertion in mutant G540. Mutant G540, showing motility defects, was chosen for further study of the molecular events associated with the mutagenesis procedure. To determine the site where the transposon inserted into the chromosome, genomic DNA of G540 was digested with various restriction endonucleases and hybridized with two different probes. One probe represented the pMUT plasmid used for the transformation of S. citri GII-3, and the other was the 785-bp IS1-IS3 PCR fragment of IS256. Hybridizations with the pMUT probe revealed that a single copy of Tn4001, located within an EcoRI fragment of approximately 15 kbp, was present in the genome of G540 (data not shown). In order to locate spiroplasmal sequences adjacent to the transposon, restriction fragments were also hybridized with the IS256-specific probe ( Fig. 2A) . The results showed that the probe hybridized with two HindIII fragments with sizes of 8.5 and 2.5 kbp (Fig.  2A, lane 1) . In agreement with the presence of an HpaI site and an ScaI site within the probe, restriction of genomic DNA with these enzymes yielded four fragments, with sizes of 10.5, 3.5, 2.3, and 1.3 kbp for HpaI (Fig. 2A, lane 6) and larger than 13, 1.8, 1.5, and 0.9 kbp for ScaI (lane 11), all hybridizing with the IS256 probe. Using combinations of single and double digestions of the G540 DNA with the enzymes HindIII, HincII, Sau3AI, HpaI, ScaI, and AluI, we established the restriction map of the chromosomal region where the insertion of Tn4001 has occurred (Fig. 2B) . According to this map, the spiroplasmal sequences adjacent to the transposon were located within the 8.5-kbp HindIII fragment on the left end of the transposon and within the 2.5-kbp HindIII fragment on the right end of the transposon. These two fragments were recovered from a genomic DNA library of G540. The nucleotide sequences of the 3.5-kbp HpaI fragment, obtained by subcloning the 8.5-kbp HindIII fragment, and of the 2.5-kbp HindIII fragment were determined. Sequence analyses revealed the presence of two directly repeated sequences of 8 nucleotides bordering the transposon. These sequences, TATTTTTA, very probably represent duplications of the target DNA at the transposon insertion site in the chromosome of G540. Indeed, sequencing of this region in the wild-type strain GII-3 showed that only one copy of this sequence was present in the chromosomal DNA of the wild-type strain (see Fig. 4 , nucleotides 2808 to 2815). , and an NsiI fragment of 5.8 kbp (lane 9). As expected from the restriction map in Fig. 2B , the probe also hybridized with an NsiI-HindIII fragment of 2 kbp (Fig. 3, lane 8 ). This fragment, encompassing the target site of the transposon, was recovered from a genomic DNA library of GII-3, and its nucleotide sequence was determined. Combining the nucleotide sequence of this fragment with those of the 3.5-kbp HpaI and 2.5-kbp HindIII fragments of G540 (Fig. 2B) led to a sequence of 4242 nucleotides around the insertion site of the transposon.
Taking into account the fact that, in spiroplasmas, UGA codes for tryptophan (7, 36) , we found this sequence to contain three ORFs (ORFs 1, 2, and 3), each starting at an ATG initiation codon located downstream of a possible ribosome binding site. The nucleotide sequence and the deduced amino acid sequences of the putative translation products are presented in Fig. 4 . The first ORF (ORF 1), starting at nucleotide 166 and finishing at nucleotide 2412, encodes a 749-amino-acid polypeptide which has significant homology with stringent factors involved in the synthesis of the phosphorylated nucleotides ppGpp and pppGpp. In particular, it has 37.5% identity and 61.1% similarity with the (p)ppGpp 3Ј-pyrophosphohydrolase of Streptococcus equisimilis (30), a gram-positive bacterium with a low GϩC content, and 34.6% identity and 58.5% similarity with the E. coli (p)ppGpp 3Ј-pyrophosphohydrolase encoded by the spoT gene (39) . ORF 3 (nucleotides 3834 to 4242) codes for a putative polypeptide which has striking homology (77.2% identity and 84.6% similarity in a 136-aminoacid overlap) with the alanyl-tRNA synthetase of Mycoplasma capricolum (2) . The target sequence, TATTTTTA, was located within ORF 2. This ORF (nucleotides 2509 to 3735) encodes a putative polypeptide of 409 amino acids for which no significant homology with known proteins was found. The predicted polypeptide is essentially hydrophobic and possesses an Nterminal sequence showing common features with signal peptides of eubacteria (25) . The putative signal peptide of the ORF 2 product comprises an N-terminal region of 8 amino acids positively charged by the presence of two lysine residues, a hydrophobic core of 14 amino acids, and a C-terminal region with a polar glycine residue and two alanine at positions Ϫ1 and Ϫ3 from the putative cleavage site (Fig. 5) . Upstream of ORF 2, the two sequences TATAAT (nucleotides 2480 to 2485) and TTGTTT (nucleotides 2457 to 2462) are reminiscent of the Ϫ10 and Ϫ35 consensus sequences of eubacterial transcription promoters functioning with the general sigma factor, A in Bacillus subtilis or 70 in E. coli. In addition, downstream of ORF 2, the presence of inverted repeat sequences (nucleotides 3744 to 3760 and 3764 to 3780) followed by a stretch of uridylic residues (in the mRNA) strongly suggests a rho-independent terminator. According to these data, ORF 2 would be transcribed as a monocistronic mRNA of approximately 1.3 kb.
Expression of ORF 2 was monitored by Northern blot hybridization of total RNAs extracted from GII-3 and G540 with the CJ6-CJ7 probe. The hybridization patterns showed that in the case of GII-3, the probe did hybridize with a 1.3-kb mRNA and that no such mRNA could be detected in the motility mutant G540 (data not shown). These results show that, as expected, the Tn4001 insertion abolished transcription of ORF 2 in G540. Moreover, the finding of a 1.3-kb mRNA in the case of GII-3 suggests that ORF 2 is not part of an operon but instead is transcribed as a monocistronic mRNA.
Transformation of G540 with the wild-type ORF 2. To ensure that disruption of ORF 2 was indeed responsible for the motility defects of G540, we attempted to restore the motile phenotype by transformation of the mutant cells with the wildtype ORF 2. To that purpose, the wild-type ORF 2 was recovered from plasmid pCJ3 as a 1.55-kbp Sau3AI fragment (Fig.  4 , nucleotides 2341 to 3893) and was inserted at the BamHI site of the oriC plasmid pBOT1. The recombinant plasmid, named pCJ6, was used to transform the motility mutant G540, and the transformants were selected by plating on SP4 agar medium containing 2 g of tetracycline per ml. As a control, G540 cells were transformed with the ORF 2-free pBOT1 plasmid. Interestingly, G540 cells transformed with plasmid pCJ6 formed dispersed colonies with satellite colonies (Fig.  6a) , whereas cells transformed with the pBOT1 vector still formed dense, unsatellited colonies (Fig. 6b) . It should be noted that, due to expression of tetracycline resistance, colonies formed by G540 cells showed irregular outlines. Similar colonies have been previously observed when S. citri ASP1 cells were transformed to tetracycline resistance with plasmid pBOT1 (35) . However, treatment with Dienes stain clearly showed that only the G540 cells transformed with the pCJ6 plasmid carrying ORF 2 formed diffuse colonies (cf. Fig. 6c and  d ). These observations suggest that the cells transformed with ORF 2, like the wild-type spiroplasmas, were capable of translational movement in agar medium. Indeed, when grown in liquid medium, they displayed rotational activity, as seen by dark-field microscopy, while those transformed with the vector alone did not.
In order to exclude the possibility that the motile spiroplasmal transformants could be revertants having lost the transposon, PCR amplifications were performed to determine whether these transformants still carried the transposon within ORF 2 and whether they did contain the pCJ6 plasmid. Broth cultures of the wild-type strain GII-3, the motility mutant G540, G540 transformed with plasmid pBOT1, and G540 transformed with the pCJ6 plasmid containing the wild-type ORF 2 were subjected to amplification with four different pairs of primers, primer pairs CJ6-CJ7, IS4-CJ8, CJ6-CJ17, and EV4-CJ2 (Fig.  7) . As primers CJ6 and CJ7 are both located downstream of the insertion site of the transposon (Fig. 7B) , they allowed amplification of DNA from all of the cultures tested (Fig. 7A,  panel a, lanes 2 to 6) . Figure 7A , panel b, shows that amplification with primer pair IS4-CJ8 also gave positive results for all of the G540 cultures tested (lanes 3 to 6) but not for the wild-type strain GII-3 (lane 2). Since primers IS4 and CJ8 are located, respectively, within IS256 of Tn4001 and upstream of ORF 2, these results indicated that the G540 cells transformed with plasmid pCJ6 (Fig. 7A, panel b , lanes 5 and 6) still contained the transposon within ORF 2. This was confirmed by the fact that DNA from GII-3 could be amplified with primer pair CJ6 and CJ17, located, respectively downstream and upstream of the transposon target site (Fig. 7A, panel c, lane 2) , whereas DNAs from G540 and G540 transformed with pBOT1 could not be (lanes 3 and 4) . The presence of the pCJ6 plasmid in G540 cells transformed with this plasmid was revealed by amplification with primer pair CJ6-CJ17 (Fig. 7A, panel c, lanes 5  and 6) , as well as with primer pair EV4-CJ2 (Fig. 7A, panel d,  lanes 5 and 6) . In the latter case, no amplification could be detected, either with GII-3 (lane 2), with G540 (lane 3), or with G540 transformed with pBOT1 (lane 4). These data clearly indicate that, in G540 cells, recovery of the motile phenotype was due to transformation by the wild-type ORF 2 present in plasmid pCJ6 and not to excision of the transposon.
DISCUSSION
Motility and helical morphology are the most distinctive properties of spiroplasmas, especially since these organisms possess no flagella or axial filaments. Spiroplasmas are capable of translational motility in viscous media, and they display chemotaxis (10, 11) . Motility movements of spiroplasmas, ro- 
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SPIROPLASMA CITRI MOTILITY MUTANT 4807 tation about the helix axis, and flexing of the cell body were described as early as 1973 (12) . However, little is known about the motility mechanism. The molecular components that permit spiroplasma cells to maintain a helical shape and to display rotatory and flexional motility have not been identified. Spiroplasmas have been shown to possess fibrils, which were thought to be involved in the mechanism of spiroplasma motility (45, 50) . However, even though the fibrillar protein has been characterized (44, 45) and its gene has been sequenced (51), there is presently no experimental evidence to ascertain the role of this protein in the motility of spiroplasmas. The eventual understanding of the structural and energy transduction components of spiroplasmal motility will depend on the availability of relevant mutants.
In our studies, we have used Tn4001 mutagenesis to produce motility mutants of S. citri GII-3. One mutant, G540, was selected on the basis of its inability to move through the agar matrix. When plated on solid medium, G540 formed smooth, unsatellited colonies resembling those formed by S. citri ASP1, a nonhelical and nonmotile natural variant of S. citri (46) . However, unlike ASP1 cells, G540 cells had retained their helical morphology. In liquid medium, the growth rate of G540 was similar to that of the wild-type strain GII-3. However, G540 cells displayed flexing of the cell body at a low frequency and were devoid of rotational movement about the helix axis. Interestingly, G540 has remained phenotypically stable throughout multiple passages in broth medium. This observation correlates well with the finding that the transposon was stably maintained in the chromosome for at least 100 generations, even in the absence of gentamicin selection pressure (data not shown). The stability of Tn4001 insertions in S. citri GII-3 grown in SP4 medium has been previously reported for two of the three spiroplasmal transformants tested (18) . In the nonphytopathogenic mutant GMT553 also, the transposon was found to be stably maintained when the mutant was propagated in vitro (21) . However, when GMT553 was transmitted by leafhoppers to periwinkle plants and allowed to multiply in the plants, revertants having lost the transposon could be detected in the plants within 4 to 5 weeks after insect transmission (19) . These data suggest that stability of the Tn4001 insertions in the spiroplasmal mutants could depend not only on the insertion site of the transposon but also on the selection pressure imposed on the mutant by the environmental conditions. Accordingly, the stable maintenance of Tn4001 in mutant G540, i.e., absence of reversion, might indicate that in liquid medium, motile spiroplasmas have no advantages over nonmotile cells. However, the possibility that, in S. citri, Tn4001 excises quite rarely and thus that the lack of finding revertants of G540 might be unrelated to selection cannot be ruled out.
In the case of G540, the finding of a motility-deficient spiroplasma that has retained its helical morphology indicates that helical morphology and motility are genetically independent. Similar conclusions have been reached previously for the nitrous acid-generated mot1 mutant of S. melliferum (8) .
Southern blot hybridizations of genomic DNA with Tn4001-specific probes showed that a single copy of the transposon was present in the chromosome of G540. In order to identify the mutated DNA sequence that confers the nonmotile phenotype to mutant G540, we have determined the nucleotide sequence of chromosomal DNA flanking the site of transposon insertion. The target site (TATTTTTA) was identified as directly repeated sequences bordering the transposon. In the previously described S. citri mutants GMT470 and GMT553 (19) , the target sites were also found to be 8 nucleotides long. However, in agreement with the low insertion specificity of Tn4001, these target sites have different sequences (21, 31) . Similar data have been recently reported for Tn4001 insertional mutants of M. pneumoniae (27) .
In the motility mutant G540, we found the target site to be located within an ORF (ORF 2) encoding a polypeptide of 409 amino acids. The predicted polypeptide is mainly hydrophobic and possesses an N-terminal sequence characteristic of eubacterial signal peptides (25) . These data suggest that the translation product of ORF 2, which is disrupted by the presence of the transposon in the motility mutant G540, might be an exoprotein having a role in protein secretion. However, searching for possible homologies of this polypeptide with previously reported proteins gave negative results. In particular, no homology was found with any of the proteins of the mollicutes M. genitalium and M. pneumoniae, whose complete genome sequences have been determined (20, 24) . These results are in agreement with the fact that mycoplasmas and spiroplasmas display different types of motility (26) , gliding for mycoplasmas and rotation and undulation for spiroplasmas. They suggest the ORF 2-encoded protein to be specific to spiroplasmas. Sequencing of the region around ORF 2 led to identification of two additional ORFs, ORF 1 and ORF 3. ORF 1 is upstream of ORF 2 and encodes a polypeptide which has significant homology with stringent factors encoded by the relA and spoT genes. In the stringent response, these proteins are involved in the metabolism of the phosphorylated nucleotides ppGpp and pppGpp (5) . ORF 3 is downstream of ORF 2 and is undoubtedly the gene encoding alanyl-tRNA synthetase.
To confirm that the nonmotile phenotype of G540 was due to the insertion of the transposon into ORF 2, we tried to achieve complementation of the mutant with a wild-type DNA fragment containing ORF 2. The 1.55-kbp Sau3AI fragment was chosen according to Northern blot hybridization data showing that ORF 2 was transcribed as a monocistronic mRNA of 1.3 kb. In previous studies, we have reported the usefulness of the oriC plasmid pBOT1 for cloning and expression of foreign genes in S. citri (14, 34, 35) . Therefore, we have used this plasmid as the vector to introduce the wild-type ORF 2 into the motility mutant G540. Expression of the wild-type ORF 2 in the G540 transformants was revealed by the occurrence of fuzzy, satellited colonies, suggesting that the motile phenotype was restored in these transformants. Indeed, the spiroplasma cells grown from these colonies in liquid medium were found to display rotation about the helix axis. In addition, we were able to show that these cells, in contrast to the untransformed G540, did carry the 1.3-kb ORF 2 mRNA. The presence of a single copy of Tn4001 in the G540 chromosome and the functional complementation of this mutant with the wild-type ORF 2 indicates that disruption of ORF 2 is responsible for the motility defect of G540. Hence, for the first time, a gene involved in the motility of S. citri has been identified. We propose to name this gene corresponding to ORF 2 scm1, for S. citri motility gene 1. Sequences homologous to the scm1 gene have been detected in all S. citri strains tested, including the nonhelical, nonmotile strain ASP1 (data not shown). However, transformation of S. citri ASP1 with plasmid pCJ6 failed to restore cell motility, indicating that in this natural variant, the nonmotile phenotype is not due to a mutation in the scm1 gene.
